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ABSTRACT 



A linear realization of a model of dynamical electroweak symmetry break- 
ing describing additional heavy vector bosons is proposed. The model is a 
SU{2) L^U{1)^ SU (2)'^ SU {2)'j^ gauge theory, breaking at some high scale 
u to SU{2)u,eak ® U{1)y and breaking again in the standard way at the elec- 
troweak scale V to U{l)em- The model is renormalizable and reproduces the 
Standard Model in the limit — > oo. This decoupling property is shown to 
hold also at the level of radiative corrections by computing, in particular, the 
e parameters. 



1 Introduction 



Existing experimental data confirm with great accuracy the Standard Model (SM) of 
the electroweak interactions. Therefore, only extensions which smoothly modify the SM 
predictions are still conceivable. The Minimal Supersymmetric Standard Model (MSSM) 
is the most favorite one because, in addition to many other interesting features, in the 
heavy limit (that is the limit in which all superpartner masses become heavy) decoupling 
holds and the MSSM becomes at low energy indistinguishable from the SM with a low 
Higgs mass However, this decouphng property is not peculiar of the MSSM; for 
instance, it is satisfied also in the non supersymmetric two Higgs model 0. There are 
also examples of dynamical symmetry breaking schemes satisfying such a property. In 
fact, in a previous paper |^ we have considered a model (degenerate BESS) of a strong 
electroweak breaking sector describing, besides the standard W^, Z and 7 vector bosons, 
two new triplets of spin 1 particles, Vl and Vr. These new states are degenerate in mass if 
one neglects their mixing to the ordinary vector bosons. The description of the model was 
based on a non-linear gauged cr-model and we refer to |Q for more details. The interest 
in this scheme was due to the fact that it decouples: in the limit of infinite mass of the 
heavy vector bosons one gets back the Higgsless SM. This is a rather non trivial property 
because one is dealing with a non-linear theory with couplings increasing with the heavy 
masses. In fact, the decoupling originates from an accidental global symmetry that the 
model possesses when the gauge couplings are turned off. This is also the symmetry from 
which the quasi-degeneracy of the heavy vector states arises. 

The original philosophy of the non-linear version was based on the idea that the non- 
linear realization would be the low-energy description of some underlying dynamics giving 
rise to the breaking of the electroweak symmetry. In a recent paper we have suggested 
a linear realization of this model, which might appear as based on a completely different 
standpoint. We are thinking of a scenario very close to the one arising in technicolor 
1^ and in generalizations as non-commuting technicolor models [|^, where one has an 
underlying strong dynamics producing heavy Higgs composite particles. In this sense we 
are trying to describe the theory at the level of its composite states, vectors (the new 
heavy bosons), and scalars (Higgs bosons). That is, we are looking at a scale in which 
the Higgs bosons are yet relevant degrees of freedom. The advantage is to deal with 
a renormalizable theory. By that, one is able to discuss the decoupling at the level of 
radiative corrections. 

The model is a SU (2)^, ® ?7(1) (8> SU (2)^ (g) SU (2)^ gauge theory, breaking at some high 
scale u to SU{2)weak ® U{1)y and breaking again in the standard way at the electroweak 
scale V to U{l)em- In this paper we will show that this model in the limit of large u 
decouples also at one loop level, and consequently that the high-energy physics is not 
relevant at the LEPI scale. Therefore the model we present is identical to the SM in 
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its low energy manifestations, although at higher energies the differences can be rather 
dramatic ^. 

To show the decoupling we have concentrated on the observables which are relevant 
to LEPI physics, that is, on the so called e parameters 0| (or the corresponding S, 
T, U parameters ||10|)- The universality property holds in the model, so we need only 
to consider the parameters e^, i = 1,2, 3. We have performed the calculation of the 
corrections coming from the heavy sector of the model, following the scheme outlined 
in 0. In this scheme one has to evaluate the self-energy corrections to the standard 
gauge boson propagators, the vertex corrections to Z ^ e~^e~ and the corrections to the 
Fermi coupling constant. At the end one collects all the various contributions together in 
order to reconstruct the physical quantities. For this reason we have not studied in detail 
the renormalization property of the model, but rather we have evaluated the different 
corrections in dimensional regularization and in the unitary gauge. In fact, as it must 
be, all the ultraviolet divergences cancel out when we evaluate the ej parameters. To 
make the calculations easier we have performed a particular transformation on the gauge 
parameters, in such a way to make the SM limit transparent. Also, we have chosen 
to work with mass eigenstates, because this makes those couplings, which increase with 
the heavy mass, to appear in only two sectors of the model. The first one is the Higgs 
sector, which, however, is not relevant in our calculations barring the standard hierarchy 
problem. The second one is the heavy-Higgs heavy-vector sector. This is shown to be 
harmless in the text. By following the previous procedure we show explicitly that no 
contribution to the parameters survive in the heavy mass limit, proving the decoupling 
of the model. This property appears to be strictly related to the absence of couplings 
increasing with the heavy scale in the light-light sector and in the heavy-light one (except 
for the Higgs mentioned before). In fact, this is what one would expect from the 

Appelquist-Carazzone theorem |jlT[. However, the absence of these couplings is evident 
only in the unitary gauge, where the cancellations among the different contributions to 
the observable quantities are far from being trivial. 

In Section 2 we will review the linearized version of the model. In Section 3 the scalar 
potential and the symmetry breaking are studied. In Section 4 the spectrum of gauge 
vector bosons and their interactions with the fermions are analyzed, showing in particular 
how the SM relations are obtained in the -u — > oo limit. In Section 5 we perform the 
calculation at tree level of the e parameters in the u ^ oo limit, showing that they 
are of 0{v'^/u'^). General formulas for the e parameters in terms of vacuum polarization 
amplitudes for the W, Z and 7, contributions to vector and axial-vector form factors at 
the Z pole in the Ze~^e~ vertex and one loop corrections to the /i decay amplitude are 
given in Section 6. Explicit one loop results for the vacuum polarization amplitudes in the 
u ^ 00 limit are given in Section 7. In Section 8 we derive some one loop general result 
for box, vertex and fermion self-energy amplitudes. In Section 9 one loop corrections to 
Gp in the u ^ 00 limit are considered, showing that they vanish. In Section 10 we show 
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that one loop corrections to vector and axial-vector form factors at the Z pole vanish in 
the same limit. In Appendix we give the explicit expressions of the relevant Higgs and 
gauge boson interaction terms. 

2 The Model 

The model that we briefly recall here, is based on a gauge group SU(2)l ® f^(l) ® 
S'f/(2)'^ C?) SU{2y^ and has a scalar sector consisting of scalar fields belonging to the 
following representations of the group SU{2)l ® SU{2)r ® 31/(2)'^ (g) SU{2)'ji 

Le (2,0,2,0), f/G (2,2,0,0), i? G (0, 2, 0, 2), (2.1) 

that is with transformation properties 

L' = gLLhL, U' = gLUgl R' = gRRhn, (2.2) 

where 

gL G SU{2)l, gn G SU{2)r, 

hL G SU{2)'^, hn G Sf/(2)'^. (2.3) 

We will see that with this system of scalar fields it is possible to break the gauge symme- 
tries through the following chain 

SU{2)l ® f/(l) ® ^f/(2)'i ® ^f/(2)'^ 

^f/(2)wcak®f/(l)y (2.4) 

f/(l)cm 

The two breakings are induced by the expectation values (L) = (R) = u and {U) = v 
respectively. The first two expectation values make the breaking SU{2)l ® SU(2)'^ 
5'[/(2)„eak and U{1) ® SU{2)'j^ — > f/(l)y, whereas the second breaks in the standard way 
5'[/(2)„eak ® U{1)y — > f/(l)em- In the following we will assume that the first breaking 
corresponds to a scale v. 

Proceeding in a completely standard way, we can build up covariant derivatives with 
respect to the local SU{2)l ® U{1) ® SU{2)'^ ® SU{2)'^ 

DL = dL + tgo^ ■ WL - tg^L^ ■ Vl, 

DR = dR + tgi^YR - ig^R^- ■ Vr, 

DU = dU + tgo^ ■ WU - igiU^Y, (2.5) 
3 



where Vl (Vr) are the gauge fields in SU(2)'i^ (S'?7(2)^), with the corresponding gauge 
couphngs g2, and (73, whereas Qq, Qi, are the gauge couphngs of the SU{2)l and f/(l) 
gauge groups respectively. 

This model contains, besides the standard Higgs sector given by the field U, the 
additional scalar fields L and R. 

The Lagrangian for the kinetic terms of these scalar fields is given by 

1 r. 
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Tr{D^U)\D^'ij) + Tr{D^L)\D^'L) + Tr{D^R)\D^'R) . (2.6) 



We have then to discuss the scalar potential which is supposed to break the original 
symmetry down to the f/(l)em group. The most general potential invariant with respect 
to the group SU{2)l ® SU{2)r O 5f/(2)^ O ^[7(2)'^ is given by 

V{U, L, R) = fijTriDL) + ^[Tr{DL)]' + f,lTr{R^R) + ^[Tr{R^R)]^ 

+m^Tr{WU) + ^[Tr{U^U)]^ + ^Tr{DL)Tr{R^ R) 

+^Tr{DL)Tr{U^U) + ^Tr{R^ R)Tr{WU). (2.7) 

In the following we will also require, for the scalar potential, the discrete symmetry 
L R, which implies 
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= 92, 




/il 


= 1^2 


= 


Ai 


= X2 


= A, 


fi 


= /2 


= /• 



(2.8) 

The total Lagrangian is obtained by adding the kinetic terms for the gauge fields: 

C = C''- V{U, L, R) + C'^'^iW, Y, Vl, Vr), (2.9) 

where 

C''^iW,Y,VL,VR) = hT[F,,{W)F'^''iW)] + hT[F^,iY)F'^''iY)] 

+ ^tT[F,,{VL)F^^^{VL)] + ltT[F,,{VR)F^''{VR)]. (2.10) 

Notice that, when neglecting the gauge interactions, the Lagrangian is invariant under 
an extended symmetry corresponding to {SU{2)l ® SU{2)r)^. In fact, in this case, we 
are free to change any of the fields U, L, R by an independent transformation of a group 
SU{2)i ® SU{2)fi [Q. As far as the fermions are concerned they transform as in the SM 
with respect to the group SU{2) ^ ® U{1), correspondingly the Yukawa terms are built up 
exactly as in the SM. 



3 The scalar potential 



Let us parameterize the scalar fields as 

L = plL, R = prR, U = puU, 

with LtL = I, R'fR = I and WU = I. 

The scalar potential after these transformations can be rewritten as 

V{pu: PL: Pr) = 2p\pl + p\) + \{pl + p^) + 2771^^ + hp^j 

+ V^pIpI + VpUpI + pD- 



(3.1) 



(3.2) 



To study the minimum conditions, let us consider the first derivatives of the potential 

dV 



dpL 

dV 
dpR 
dV 



dp 



4:PL{p^ + \pl + f3pl + fpl), 

4.pr{p^ + Xp\ + hpl + fpl), 
Apu{m^ + hpl + f{pl + pl)). 



(3.3) 

(3.4) 
(3.5) 



By substituting the vacuum expectation values < pu >— v and < pl >—< Pr >= u, 
the minimum conditions are 



p' + (/3 + xy + fv^ = 0, 



(3.6) 
(3.7) 



From the second derivatives of the potential we get the mass matrix for the three 
Higgs particles 

/ Xv? fau^ fuv\ 
8 f3U^ Xu"^ fuv . (3.8) 
\ fuv fuv hv^ J 

The mass eigenvalues are 



M; 



Pu 

Mi = SXu\l-h 



ifs + Xy + hv' - JSu'v'f + ((/3 + X)u' - hv'f 



M: 



PR 



X 

(/3 + xy + hv' + ^8u\'f + {{fs + xy-hv'y 
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(3.9) 



Let us comment on the limitations on the parameters coming from the study of the 
positivity of the eigenvalues. Adding the requirement > 0, f ^ > 0, with the hypothesis 
m^, /i^ < together with X,h > for the boundedness of the potential, we finally get 

2 

TTI 

A-/3>0, h>f—, (3.10) 

and ^ 

A + /3>2/^ for f>0, or (3.11) 

X + h>2^ forf<0. (3.12) 
h 

As shown in ||^ the limit u —>■ oo gives the SM with a Higgs field light with respect to 
the scale u, with the following redefinition of the gauge coupling constants 
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1 
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7o 
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7' 


7i 


+ -• 
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(3.13) 

At the lowest order in the large u expansion we get for the Higgs mass eigenvalues 



M; ~ 8v\h-2 



fs + X' 



~ 8^i=^(A-/3), 
M^^ ~ 8u\\ + h). (3.14) 

The scalar potential, after the shift pi Pl + u, Pr ^ Pr + u and pu ^ Pu + v, 
and by substituting m^, /i^ as functions of the other parameters by using the minimum 
conditions (|3^ ) and (|3.7|) , becomes 



V{pu, PL, Pr) = 4:hv'^plr + SfuvpuipL + Pr) + 4Am^(p^ + p\) + ^hu^pipR 

+ Ahvpl + A\u{pl + pI) + AfuplipL + Pr) + Afvpu{pl + pD 

+ Ahu{pRpl + pip^) + /ip^ + A(pi + p^) 

+ 2/3pip^ + 2/p^(pi + p^). (3.15) 



Since we will not be interested in the Higgs self-interactions, we will not give the 
explicit expression of the scalar potential in terms of the mass eigenstates. It can be 
easily obtained by using the matrix H which transforms the fields [pl, Pr, Pu) appearing 
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in eq. ( 3.15| ) into the Higgs eigenstates which we will keep on calling in the same way. At 
the first order in 

(3.16) 



we get 



with 



and 



in terms of which 



and 



where 



and 



I 1 



H 



-1 



— — fl-— r) - — 



-,2 



— 7k 



^2 V2 




'2r 



f 



^ fs + X' 
_ 9_ 

Sin , 

92 

9 

9o = — , 

9i_ _ c<pS0 
90 ~ VP' 

tan 6' = — , 
9 



p _ 2 _ 2 2 

^ — ^ip^e- 



1 ^ 



(3.17) 



(3.18) 
(3.19) 
(3.20) 
(3.21) 

(3.22) 
(3.23) 



4 Gauge vector boson spectrum and interactions 



The vector boson mass spectrum can be studied in the unitary gauge U = L = R 
shifting the scalar fields as pu ^ Pu + "v, Pl,r Pl,r + u. We get 

1 r. 



/by 



{o.plY + {o.prY + {d.puy 



+ 9l{ViL + 2V^VE)] 

+ {PR + nf[glY^ - 2g,g2VsRY + gUvij, + 2\/+\/^-)] 
+ {pu + vflg^iW^ + 2W+W-) - 2gogiW,Y + gfY^]}. 



(4.1) 
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Here we are interested in the mass matrices for large mass eigenvalues of Vl,r, Pl.r- 
First of all, it turns out to be convenient to re-express the results in terms of the parameters 
g and g' defined in eq. (|3.13|) . In fact, as we have said, these are the relevant parameters 
in the limit u —>■ oo. Let us study the mass eigenvalues of the vector bosons in the charged 
and in the neutral sector. 



Charged gauge sector 

The fields are unmixed and their mass is given by 

M^, = \gy ^ M\ (4.2) 

The absence of mixing terms is a consequence of the invariance of the Lagrangian under 
the phase transformation — > exp(±2a)V^. In fact, from (|2.5|) , only Vs/j mixes with 
the light vector fields. Notice that the parameter r in eq. ( |3.16| ) can be written also in 
the following way 

The remaining two eigenvalues, in the limit of small r are (we continue to call W^, 
the mass eigenvectors) 

Notice that for r — 0, coincides with the SM expression for the W mass. 

Let us call C the matrix which transforms the fields {W"^, V^) appearing in the La- 
grangian ( [4.1| ) into the charged eigenstates. At the first order in r we get 

i_/c^(l-4r) -s^{l + clr)\ , 
"U,(l + 4r) 0^(1 -sir) )■ ^^-"^ 



Neutral gauge sector 

In this sector there is a null eigenvector corresponding to the photon: 

7 = {sqW^ + CgY) cos + ^(^3L + V^r) sin^, (4.6) 
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where 



ta.n6 = c^sgVP, 
tan?/' = \/2sn— = V2' 

92 



SupSe 



1 - 2sisl 



(4.7) 



The remaining eigenvalues are, again in the hmit of small r, 



l-2ci + 2ci 



4 ci 



+ 



Ml 



Mt 



V 



,2 ^2 



4 ^ ^rc^„ ' 



LP -ip ^<-6» 



+ 



+ 



,2 4 



_|_ 



s2 c8 



4 VP ' P ' ' 4(1 -2c^ 
Only for (y9 = the heavy vectors are degenerate in mass. 



+ ■■■)• 



(4. 



Let us call N the matrix which transforms the fields iWz-, ^? ^zli Vsij) appearing in the 
Lagrangian ( |4.1| ) into the neutral eigenstates which we will call (7, Z, VJjl, Va/j). At the 
first order in r we get 



N" 



SwSe 



c^{ce -r) 



CLpS^pSg^/P ^ 



„2 2 



c^s^se\fP s^S0 slP 



c . 



Ca 



S/nS 



p 



1 + -r) 
Ce ct 



2c 



c^sj 



Ce 



1 + 
( 

2p3/2 



ci(l - 2d 

P ,^ 



„2 4 



2a 



Ce 



(4.9) 



We will now consider the couplings of the vector bosons to the fermions. We assume 
that the fermions have standard transformation properties under the group SU{2)i ® 
U{1)y, and therefore the couplings to the heavy bosons arise only through the mixing. 



In the charged sector, at the first order in r the couplings are given by 



^ier^ot = -{hwW^ + hiV^^).]^ +h.c., 



with 
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V2^ 



1 + cir) tanip, 



(4.10) 

(4.11) 
(4.12) 
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and Jf; = ^il^T^i^L- Notice that there is no couphng of to fermions, because these 
particles do not mix with the W^^s. Also, for r = the couplings of to the fermions 
coincide with the standard ones. 

In the neutral sector the couplings are defined by 

-[ChL + DJ^J^V^L - [E.hL + FJ,jy^R, (4.13) 
e = gse, (4.14) 



with 
and 



A = ^(l-4fi±i«r), 

C = ^(-tany,c, + |^r), 
Ce 2cq - 1 

2 

^ ^ g c^s^SgCe ^ 
Ce 2d - 1 



E = ^(^ + 4^£l^r) 
Ce Wp ce{l-2cp 



Ce Cf) 



The expression for the electric charge is valid to all order in r, while the other coefficients 
in (|4.15| ) are given only at first order in r. In particular the couplings of the Z to fermions 
go back to their SM values for r — 0. Notice that there are no couplings increasing when 
r ^ 0, both in the charged and in the neutral sector. 

We can rewrite the fermionic couplings of a generic gauge boson y in a form which 
will be useful later: 

^Plv"" + a^75]7^V'V^^ (4.16) 



where, by comparing with eqs. ( |4.10[ - ^?T5D , we get for the charged sector: 

w w w 

V = , a = V , 

2 

v"^ = -y, a^ = v\ (4.17) 
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and, for the neutral one: 



v'"" = -(i?| + FQem), a''' = -E^. (4.18) 



5 The e parameters: tree level 



At tree level, the definition of the Fermi constant Gp is 



-^(^'^ +^\=^,. (5.1) 



v/2 4VM2, MlJ 2v 



This is an exact result, and it can be verified at the order r by using eqs. ( [4. lip , ( ^.12 ) 
and f3). 



From the expression of M| in ( [4.8|) , by using ( [4.14 ) and ( p.l|) we get at the first order 



m r ^ 

c^ = c^„(l + rA-2^), (5.2) 



with 

A = s2 



1 - 2c^ + 24 

•4> ^4 ' 



c, 

1 



(5.3) 



2 ^4 ^GpMl' 

Notice that the ^0 angle, here defined, coincides with the Q angle given in eq. (44) of ref. 
0]. In ref. we were interested in the leading order r = and so we did not distinguish 
between Q and Qq. 

By using the expressions for M^J\/ and Mz in eqs. ( [4.4|) and (|4^ ), the eq. ( ^.21) and 
the definition of Ar^y given by 

^1 = <{\ - -^,^r^\ (5.4) 



we obtain 



Ml ci-st 



ArvK = -r^. (5.5) 

Co 
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From the standard definition 

Aimions = ^(1 + ^)[J3L " ^^^(l + A/c) Jem], (5.6) 



by comparing with ( [4.13| ) and using i ^A\} we get 



^2 



Ak = -2r4-^, (5.7) 



Ce - 

from which we extract the expressions for the e parameters at the first order in r 

2 



Cfl + Sfl 



es = -r4- (5.8) 

This shows that at tree level the heavy sector decouples, at least as far as its contribution 
to LEPI physics is concerned. The restrictions on the parameter space coming from (|5.8|) 
have been recently discussed in H]. 



6 The e parameters: one loop level 

To evaluate the radiative corrections to the e parameters, we will use the definition given 
in which is more suitable than the one used in the previous Section in terms of the 
observables. Obviously the two definitions lead to the same result. For instance the result 
in eq. ( |5.(^ ) was verified in ref. ||T^ by using the procedure which will be discussed below. 

Following the definitions of the e parameters given in we need to calculate, besides 
the corrections to the vacuum polarization amplitudes for the W , Z and 7, the contribu- 
tions to the vector and the axial-vector form factors at the Z pole in the Zl^l^ vertex 
and the one loop corrections (boxes, vertices, new vector boson and fermion self-energies) 
to the /i decay amplitude at zero external momenta. 

Let us define the vacuum self-energies 

nf/(p) = -ig'^^'Ilijij)'^) + p'^p'^ terms, (6.1) 

where 

n,,(p2) = A,,(0)+p%(p2), (6.2) 
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with i,j = W, 7, Z. 

The corrections to the vector and axial-vector form factors at p"^ = M| in the Z 
leptonic interactions from proper vertex and fermion self-energies are parameterized as 

g 

-^7^ vif,[5gv - l55gA\u, (6.3) 

where 9o is defined in eq. 



The third contribution comes from the one loop corrections to Gp from the jj, decay 
(except the W self-energy 0): 

- t 6Gp - - 75)/i]. (6.4) 

In terms of these quantities one can express the e parameters as 



6G 



ei = ei - 65 - — - 4:6gA, 

2 2 c- or 

£2 = 62 - Sg^Ci - Cg^es - — dgv - 3dgA, 

(jr p 

£3 = eg + cl^e4 - Ceo 65 + -\^^^9v - ^4"^^^^^' ^^'^^ 



with 



ei 



v433(0)-Aw(0) 



62 = Fww{M^) - F^siM'z), 

63 = ^F3o(M|), 

64 = F^^(0)-F^^(M|), 

65 = M|F^^(M|), (6.6) 
where the indices 0, 3 refer to Y, bosons and the following relations hold: 

n30 = —SeoCeo^ZZ + ■S6»oC6lon^7 + (cgg — sl^)Ilz^, 

1133 = Cg^n^z + 2sggCeoIlz^ + sl^U^^. (6.7) 

We will evaluate the contribution to the e parameters at one loop level, by using 
dimensional regularization for the UV divergences in the loops and we will introduce the 
arbitrary mass scale parameter /i. Since we are interested in the decoupling properties of 
the model only for observable quantities, the ultraviolet divergent terms will not play any 
role and in fact they cancel out. Therefore we will not perform the full renormalization 
procedure of the model. 
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7 Vacuum polarization amplitudes 



We list here the results for the vector boson self-energy diagrams. In evaluating the vac- 
uum polarization amplitudes, since we are interested in proving the decoupling, we keep 
only the potentially dangerous terms and we neglect terms proportional to r. Of course 
we will not consider diagrams with only light particles because they give the SM contri- 
bution plus corrections of order r that we neglect. All the relevant couplings are given 
in the Appendix. We will list here the contributions to the various vacuum polarization 
functions. 

For the W self-energy, we have contributions from the graphs 5*1, S2 and 5*3 (Fig. 1). 
In particular, by indicating with fl*^*^ the amplitude from Si, we get 

nliV(p) = g'{r'slclA^{p,Mw,Mv,J+r''^4^A^{p,Mw,Mv,,) 

2 2 

+ {l~2r{l-2cl))Ar{p,Mv„Mv,J + r''-^A,{p,Mv„Mz)}, (7.1) 

nUV(p) = y (1 - 2r(l - 2cl)){A,{MyJ + A,{Mv,j}, (7.2) 
2 

nUV(p) = g^'^M^Asip, M,^,MvJ + 2g'^q'M^A,{p, M,^, Mw). (7.3) 

The functions Ai are the result of the various loop integrals. As already said, we will 
neglect all the contributions to the self-energies going to zero with r. For this reason we 
give the explicit expressions of the Ai functions only up to the order which leads to non 
vanishing results. The exact results for Ai and A3 can be found in |13[. We have 

A,{p, Mh, Mh) = T7^{(|Mi + 7p')Yh - -Ml - \p'] + 0(-^), (7.4) 



H 



1 M*^ 

A,{p,m,MH) = -—^Xh + 0{MI), (7.5) 
MMh) = -jt-^ilKYH - ImI}, (7.6) 



1 1 



A,{p,m,MH) = y^Xh + O(^), (7.7) 



1 M"^ /I ' 
A,{p,MH,m) = [f-H - ^ ) + O(logM^), (7.8) 
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with 



Yh = — + 7 + log— ^, 

Xh = (7.9) 

where e = 4 — D, with D the space-time dimension, 7 the Euler constant and Mh the 
mass increasing with M. Notice that in the n[^''p^(p) term, there is no contribution from 
the (Vl, Vsij) exchange, because the couphng WVlV^r is of order r (see eq. ( [A.8| )) and 
the loop contribution is 0{M'^). 

Let us comment on the Higgs particle exchange in the 5*3 loops. Since the first loop 
contribution is 0(log(M)), only the constant part in r of CJ^eKvy-Hght given in eq. ( |A.2|) 
is relevant. As a consequence we have to consider only the pu exchange (see Fig. 1), 
since the pi and pn exchanges are suppressed by a i/r factor in the vertex. There is also 
a contribution from the Wpn exchange (see Fig. 1), because the loop diagram is now 
behaving as log(M), and so the factors a/t in the vertices are not enough to suppress 
this term. However, this is true only for the momentum constant part in the self-energy. 
Then, it can be seen immediately that there is no correction to the ei parameter, due to 
the custodial symmetry. That is this contribution cancels with the analogous one coming 
from lizz (see Fig. 2). 

Notice that My^ and My.^^ differ of terms of order r, therefore they can be taken to 
be equal at the order we consider here. Their common value will be called My^- 

Summing all the contributions and retaining only the leading order in r we get 



s 



2 ^2 \/^'PR 



) }• (7.10) 



For the Z self-energy, we have contributions from the graphs Si, S2 and 5*3 (Fig. 2): 

2 2 

2r 

+ ^(1+ P)Ai(p,Mv.„Myj}, (7.11) 

Ca Cn 



n?kp) = 9'[{cl + 2r(24 - l))A2{My,) + ^(1 + 4p)^(Mv.J}, (7.12) 
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si .... , , slsi 



+ 2^g2^|A3(p,M,^,Mz)}. (7.13) 

As far as the Higgs particles exchange is concerned, the same comment we have done for 
^^y^ holds. 

Summing up all the contributions and using eqs. ( [?'.4D -( [r7D , we get 



+ 2^M 



The contributions to the photon self-energy come from the graphs Si and 5*2 (Fig. 3): 

n^!; (p) = g'sl{Ai [p, Mv, , MyJ + Ai [p, Mv^ , MvJ } , (7.15) 

n(?(p) = 9'sj[A,{My,) + A,{My,)]. (7.16) 
By using eqs. (ff^), (|7.6|), we get 

n,^(p) = P'^'eiUYv. + n-J - ^). (7.17) 
To the '-yZ self-energy contribute the graphs 5*1 and 5*2 (Fig. 4): 

3 

<i(p)=^7'{s,ce(l-4(l-24))Ai(p,My„MvJ-^(l+4P)Ai(p,Mv^,Mv.j}, (7.18) 



Cf) ce Cs 



<i(p) = g'{sece{l - -(1 - 2cl))A,{My,) - ^(1 + -P)A,{My,)]. (7.19) 

Cq C0 Cq 

Again by using eqs. ( |7.4| ), ( |7.6| ), we get 

^iz{p) = p'-i-M^oCeYy, - ^IVJ + Iseced - 1)]. (7.20) 



From eq. ( |6.6D and the previous results we obtain (up to corrections 0{r)) 

ei = 62 = es = 0. (7.21) 

Furthermore 64 and 65 are zero at the order here considered, because F^^ and Fzz are 
independent of p^. 
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8 Expressions for the relevant loops 



The loop diagrams which will be relevant for the calculation, besides the gauge boson 
self-energy loops studied in the previous Section, are listed in Fig. 5. Here we will give 
the generic expression for these loops in the M — > oo limit. We have explicitly verified 
that, doing this limit in the loop integrand of the amplitudes, no singularity appears in 
the integration over the Feynman parameters. So we can safely expand the amplitudes in 
1/M. 

For the graph (a) the amplitude is given by 



where p is the momentum of the incoming gauge boson V3, k and p — k are the momenta 
of the outgoing fermions, which we will take massless. In eq. ( |8.1| ) gviV2V3 is the trilinear 
gauge coupling which can be directly read from eqs. ( |A.7| - |A.9| ), t>* and a* {i = 1,2) are 
the vector and axial vector couplings of the gauge vector bosons to the fermions (see 
eqs. ( [4.17| - ^yT8|) ) and Mi(2) is the mass of the gauge boson Vi(2). 

In the Ml >> M2 limit, the term [{p + ki)p{p + ki)„ / M'^]{gya - kiykia/Ml) gives the 
leading contribution: 

gv,v,v, eafec + «'a']7/. + + o^Ai^1,)^Mp. M2, Mi) + C(logMi)| , 

(8.2) 

where Ai is given in eq. ( [7.5| ). We have considered just the leading behavior because this 
loop always contributes to the amplitudes with a suppression factor 0{r) as we will see 
explicitly in the following. 

For large Mi = M2, eq. (ISJ] ) would give terms O(logMi), but cancellations, due to 
mass degeneracy, occur and therefore one gets a finite result: 

gv,V2V3 eabc[{[v^v^ + a^a^]7^ + [v^a^ + ^^^1^57^)^^^ ^ ^'^il^'*! ' ^^'^"^ 



For the graph (b), in Fig. 5, the amplitude is given by: 
d^ki 



{2n) 



D 



{k + k,Uk + h)A 1 

^ Ml I {k + hf-Ml{p + k^Ykr ^ ' 
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where p is the momentum of the incoming gauge boson V3, k andp — k are the momenta of 
the outgoing fermions again considered massless and we have used the prime to distinguish 
between the two vertices of the Vi gauge boson with the fermions. Here and are 
the couphngs of the external gauge boson V3 to the fermion pair. Since the amphtude 
is dimensionless, in the large Mi limit, one expects terms which are at most 0(logMi). 
However the explicit calculation shows again that these divergent terms cancel out leaving 
a finite contribution: 



2167r2 



i.5) 



For the graph (c), the amplitude is given by: 



I 



(2vr) 



D 



^-0 9vp 



kiukip\ 1 ]_ 

Ml j kl- Ml {p - ki] 



.6) 



In the large Mi limit, one expects terms which are at most 0(log Mi). However the explicit 
calculation shows that these divergent terms cancel out leaving a finite contribution: 



167r2^2 



4{i 



,^2 



2-V75 + 0(^)} 



•7) 



Notice that we have also neglected UV divergent terms of the type ^{p'^ /Mf){2/e). These 
terms, which arise in theory with massive vector fields in the unitary gauge, are not 
a problem for the renormalizability since one can show fl^ that all the corresponding 
counterterms vanish by the equations of motion. Or, said in different words, they do not 
contribute to the S'-matrix elements. 

For the graph (d) we find: 
d^k 



(2vr) 



D 



{[i{v^ + a^i5)Yi{A - ^)^(^' + ^'75)7' 



i{v'' + a^'l^)l''i{-i)2 + ^)i{v'' + a' 75)71 



kf_i kl, 

mT. 
1 



^ _ {Pl-k+ p[)p{pi - fc + p[)a 

Ml 



fc2 - Ml {pi - kf {pi-k + p'i)2 - M| {k - P2) 



(8.8) 



The momenta of the external fermions can be read in Fig. 5-(d) and we have used the 
prime to denote the couplings of the gauge bosons Vi and V2 to the fermion pairs on the 
right-hand-side of the figure. 



18 



In the case Mi >> M2, the leading contribution comes from terms of the type fc'^/M| 
and k^/{MlMl) in the expression between curl brackets in eq. ( |8.8| ). The result is: 

i\^{y^v'^ + a^a^)(f + a^'o?')'^^ ® -f^ 

x[^A,{p,M,,M,) + 0{^)]. (8.9) 

In the calculation of the four fermion amplitude we have to take into account, in addition 
to the box diagram of Fig. 5-(d), the one with the exchange Vi V2 and the corresponding 
crossed diagrams. In the limit Mi >> M2 it turns out that the amplitude corresponding 
to the Vi — V2 exchange is still given by eq. (|8.9|) while the result for each of crossed 
boxes give minus the amplitude of eq. (|8.9|) . Finally let us observe that the exchange of 
two heavy particles in the box diagrams is suppressed by an additional 1/M^ factor and 
therefore it will be neglected. 

Notice that, apart from the finite terms, all the relevant amplitudes in the limit are 
expressed through the same function Ai, which occurs in the calculation of the vector 
boson self-energy corrections. 



9 One loop corrections to 

The one loop corrections to Gp from the fi decay (except the W self-energy [^) are 
illustrated in Fig. 6. The black dots stand for the proper vertices, fermion and new 
vector boson self-energy contributions, as illustrated in Figs. 8-12. 

First of all let us consider the box diagrams. The relevant contributions are given in 
Fig. 7 where for simplicity we have not drawn the crossed diagrams. Due to the fact that 
for the /i decay process we necessarily have the exchange of a charged gauge boson, whose 
coupling to fermions satisfy the relation v = a, the box diagram contribution of eq. ( |8.9D 
can be rewritten as 

^ ^2)(^2' ^ ^ ^ ^ ^^^M]^ (9.1) 

where Vi and v[ denote the couplings of the charged gauge boson Vi to the fermion pairs. 
So the one loop corrections to Gp coming from the box diagrams are of the form of eq. 
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In particular it is easy to show that, due to the couphngs of V^r to fermions, the sum 
of the four amphtudes, corresponding to the direct and the crossed box diagrams, of the 
{W, V^r) exchange vanishes. The sum of the contributions from the {W, V^l) and (V^, Z) 
exchanges (Fig. 7) is (taking into account also the crossed diagrams): 



r,4 e2 



8 4 M4 



Ai {p, Mw , Mv,, ) + clAi{p,Mz, M, 



Vr 



(9.2) 



We have neglected the box diagrams with {Vl,Pu) exchange since the pu couphngs to 
fermions are proportional to their masses. 

To compute the Fig. 6-(b) amplitudes we need the W vertex corrections, T^^^p, given 
in Fig. 8 and the Vl ones, gp, given in Fig. 9. Because these are corrections to 



21), (O), {K^ factor out in 



charged gauge boson vertices, the results given in eqs. 
terms proportional to + 757^. 

To the Fyj/gp contribute two types of loops Li and L2. For each graph Li in Fig. 8 
we have also to consider the one obtained by exchanging the external fermionic lines. In 
particular in the case of the {W, V^r) exchange the total contribution vanishes due to the 
Vsji fermion couplings. The result coming from the Li loops is the following: 



WeP 



9^ 



s,„ r rc,, 



Ml 



(A(p, Mz, MvJ + Ai{p, Mw, Mv 



3 1 



2167r2 



where the last term is due to the (Vl, Vsl) exchange (see eq. ( ^.3| )). 
The result from the L2 loop is: 



WeP 



3 9' 4 
28v^d 



1 - 



„2 4 



(7^ + 757"). 



(9.4) 



To the Fy^gp contributes only the Li loop. This is because in the four fermion ampli- 
tude there is an additional factor coming from the Vl propagator. As already said, 
for each graph Li in Fig. 9 we have also to consider the one obtained by exchanging the 
external fermionic lines. The result is the following: 



9^ 



clA,{p, Mz, MvJ + A,{p, Mw, My,,) + 757'^)- (9.5) 



Let us now evaluate the contribution of the fermion self-energies to '^v^ff where V3 
is a generic vector boson (Fig. 10). Of course the self-energy insertion on the external 
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fermionic legs must be taken with a factor 1/2. The exphcit expression for each of the 
graphs of Fig. 10, in the Mi oo hmit, is, by using eq. ( |8.7D 



■^fJ.{s.e.) 
Vaff 



3i 1 



^^^,-{[v\{vr + {ar) + 2ah'a']rHa'{{v'f + {a'f) + 2vW^ (9.6) 

Again, when we consider a charged boson vertex correction the result factors out in a 
term proportional to + 757^^. Using the general expression ( |9.6| ) we can evaluate the 
contribution to T^^gp due to the self-energy corrections coming from the exchange of Vl, 
V3L and V3R: 



-\/i(s.e.) 
Weu 



3 g' 



3 + 



r2 



ciP 



(9.7) 



The sum of the contributions coming from the graphs in Fig. 6-(b,c) is again of the 
form given in eq. ( |6.4| ) with 

A e2 1 



.9^ K 



4 4 



Ai{p,Mz,Mv,)si. 



{9.t 



The contribution to the four fermion amplitudes due to the WVl self-energy (Fig. 
6-(d)) comes from the loops in Fig. 11. In the case of loops with two heavy gauge bosons, 
as we have already found in the calculation of the vector boson self energies, there is a 
cancellation of the most divergent terms with the corresponding tadpole contributions. 
As a result, the sum of the loops Si and 5*2 with two heavy gauge bosons is 0{logM) 
and so it is suppressed in the four fermion amplitude due to the factor 1/M^ coming from 
the Vl propagator. For the same reason we have not drawn loops with only a logarithmic 
divergence, like for example the one with the {Vl,Pu) exchange. 

The only graphs giving a finite contribution in the M — > cxd limit are the 5*1 ones with 
the {W, Vsl) and (V3L, Z) exchanges (Fig. 11). The result is again in the form of eq. 
with 



i6G 



id) 



.9' si 



4 4 



Aiip, Mw, Mv,J + Aiip, Mz, Mvi) 



(9.9) 



Finally, let us consider the contribution from the Vl vacuum polarization diagrams 
(Fig. 6-(e)) given in Fig. 12 where we have considered only loops which diverge at least 
as M^. The corresponding correction to Gi? is 



—I- 



.9' si 



1 



8 clM^^ 



Ai{p, Mw, Mv,J + clAiip, Mz, M, 



(9.10) 



Notice that contribution to the Vl self-energy coming from the loop with one Vl and one 
heavy Higgs boson, Pl,r-i is vanishing in the limit, although the corresponding trilinear 
couplings are increasing with \/r. In fact, the loop is only logarithmic in M. The sum of 



the 5G 



(a,b,c,d,e) 



contributions vanishes. 
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10 One loop corrections to the Ze^e vertex 



To evaluate the extra contributions to the vector and axial- vector form factors 5gv and 
Sqa at the Z pole we need, besides the one loop vertex corrections, the fermion self- 
energies and the "heavy-light" vector boson self-energies in which the light boson is a Z 
(Fig. 13). 

The one loop contribution to ^ze+e- given in Fig. 13- (a) is the sum of the graphs Li 
and L2 (Fig. 14). In particular from the graph Li we get: 



-m(i) 

Ze+e- 



2 ce M4 



The first term comes from two equal contributions from the {Vj^,W ) and (V^ 
exchanges, the second one from the (Vl, Vl) exchange. 

To the graph L2 we have three contributions from the Vsl, Vl and V^r exchanges: 



Ze+e- 



{{ 



^A(i 

16 c^c/ 



2sl) 



+ 



9' 4 ' 



8 clce 



9^ 



16 4P 



10s^)7^ + (1 + 6^^)757'^] }(-- 



2 16n^' 



;io.2) 



The amplitude corresponding to Fig. 13-(b) get contributions from the graphs Si and S2 
in Fig. 15. In the case of loops with two heavy gauge bosons, as wc already said, there is 
a cancellation of the most divergent terms with the corresponding tadpole contributions. 
As a result, the sum of 5*1 and 5*2 in this case is 0{1/M^) due to the heavy gauge boson 
propagator. So the only non vanishing term in the amplitude of Fig. 13-(b), comes from 
two equal contributions from the {Vl,W~) and {V^ ,W'^) exchanges in the loop. The 
result is: 



.9's' 



(10.3) 



Concerning the contribution from Fig. 13-(c) the relevant ZV^r self-energy diagrams 
are given in Fig. 16. Since wc have the same cancellation of the most divergent terms 
between the graphs and ^2 the result is 0(1/M^) due to the heavy gauge boson V^r 
propagator. 

Finally, the corrections to the Ze^e~ vertex due to the fermionic self-energy contri- 
butions (Fig. 13-(d)) come from the exchange of V3L, Vl and V^r. As already observed 
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for the 5Gf calculation, these terms must be considered with a factor 1/2, and using eq. 
d^) we get 



Ze+e- 



{ 



+ 



f-^3(l-2.^) 
16 c^ce 



^44 

16 4P 



1 - 10^)7^ + (1 + 6^)757^ 



}( 



2 167r2' 



:i0.4) 



The sum of all the one loop corrections to the Ze^e vertex vanishes at the leading order 
in the M ^ oo limit. Therefore, from the definition given in eq. ( |6.3| ) we get 

59v = 5gA = 0. (10.5) 



We have also checked that in this limit we have no extra corrections at the leading 
order to the vertices T^fj^f^, and ^wfif2- 



11 Conclusions 

We have developed an extension of the SM based on the gauge group SU{2)l ®U{1) ® 
SU{2)'i^ ® SU{2)'^ with two different energy scales: the electroweak one, w, and a higher 
scale u. The model is a linear realization of a dynamical breaking of the electroweak 
symmetry previously proposed, containing two new triplets of spin one particles Vl and 
Vr (degenerate BESS). The interest in this model was due to its decoupling property: in 
the limit of infinite mass of the heavy vector bosons [u — ^ oo), one recovers the Higgsless 
SM. In the linear version one has also scalar states in the spectrum, and in this case, in 
the limit of large u, one gets back to the SM. 

To show the decoupling we have considered the observables relevant to LEPI physics. 
In particular we have computed the tree value of the e parameters, which turns out to be 
0{v'^ /v^). Being the Lagrangian of the model renormalizable, we have also shown that 
the decoupling property holds also at the level of radiative corrections. 

We have performed the calculation of the contributions to the e parameters due to the 
new physics at one loop by evaluating the self-energy corrections to W, Z, 7 propagators, 
the vertex corrections to Ze^e~ and to the Fermi coupling constant. Dimensional regu- 
larization and unitary gauge have been used. The result is a cancellation of all divergent 
and finite contributions in the m — 00 limit. The corrections to the e observables at the 
order ju^ turn out to be, in general, numerically smaller than the tree level ones (taken 
at the same order), due to the factor l/167r^ coming from the loops. 

Even if we are not proving in general the complete decoupling of the high-energy 
sector, we have shown that at the LEPI energy the model is undistinguishable from the 
SM, whereas the signatures at high energy can be very different 
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Appendix 



From eq. ( [4 .11 ), using the new couplings defined in eq. ( |3.13| ), and expressing the vector 
and Higgs fields in terms of the corresponding mass eigenstates, we derive the Higgs- vector 
interactions at the leading order in r. 

Let us observe that, since there are trilinear couplings of the order l/^A" (see eq. 
(|4.1|)), and we have evaluated the mass diagonalization matrices up to 0(r), the result for 

is correct up to 0{^\fr). For the light sector we obtain an expression which coincides 
with the analogous one in the SM (remember that now W ^ Vl, Vr, Z, V^l, V^r as well as 
Pu: Pl, Pr denote the mass eigenstates) 



Aight = ^-^(Pu + '^Puv){W+W- + ^Z^). (A.l) 



For the heavy-light sector we get 
>CLvy-iight = ^^[{pl + 2puv + -V2^qpuPR)[-i^nv{W+VL + W-V+ + -ZV^l) 

4J: Cq 

+ '-^^^ZVsn + tan^ ^ (VtV,- + ^V^l] 



+ 9 ^3B. 7^ ^3L V3R\ 



Sp Cg V-P 

+ —V2^qpR{pu + v){W+W- + ^Z^) 

Sip ^Cg 

+ y^lLl^w+v^ +W~V^ + -ZVsl){pl + pr) 

Cip Cg 

- -A^ZV,r{pr-pl)] 

1 \/2r 1 

- -r^Puq{^{pL + PR) + 2v){V^V£ + -ViL) 

Cf^ 2 



i V 2r 1 c -1 

+ -^Puqi^iPL-PR)-2v){V+VR+-^V^R)}, (A.2 

Sip s,p r 

and for the heavy sector we get 



3l) 



•^p-^p 
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1 1 Q ^/9r 1 



- -n ^ {Pl + Pr) + ^{pr-Pl))V^lV^r}. A.3 

Concerning the Higgs self interactions, we can obtain the scalar potential in terms 
of the Higgs field eigenstates by simply rewriting eq. ( p.l5| ) in terms of the transformed 
fields. 

Finally, let us derive the vector boson self-couplings. Notice that, since in C^^^ given 
in eq. ( |2.10| ) the couplings are 0{1) and we have evaluated the mass diagonalization 
matrices up to 0(r), the result for C^^^ is correct up to 0{r). 

Let us define the following formal combination 

AB-C+ = M'^B-C^ + A^iB-^^C^^ - B%Cn. (A.4) 

where 

and similar expression for B"^^. Then the trilinear gauge boson couplings in terms of the 
original fields are given by 

= t[g,W,W-W+ + g2V,LV^V+ + g2VsRVj^V+]. (A.6) 

Using the redefinition of the couplings and the expressions for the mass eigenstates, we 
find, again at the first order in r, for the light sector 

= tglselW-W + ceZW-W+], (A.7) 

for the heavy-light sector 

AeLy-iight = t9[sel{V,V^ + V^V^) + {ce + r-{2cl-l))ZV^Vt 

+ c^s^-{ZW-Vi: + ZVi:W^) - ^(1 + r\p)ZV^V^ 
Ce Ce cl 

+ (1 - r(l - 2cI)){VslW-Vi^ + VslVlW^) + tc^s^V^lW-W^ 



r 



ceil - 2cl) 



[V^rW-V^ + V,rV^W+) 
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and for the heavy sector 



The quadrihnear couphngs are obtained starting from 

+ (V+ + VsL.VsL.) 

+ ^^iV^ii.(V?,V^K. + ^3Kp^3K.)], (A.IO) 
with S per — "^gixi/gpa — gupg^a ~ g^agvp- 

At the lowest order in r one gets for the hght part 

+2ceSe^pZ^ + sl^ip^^)], (A.ll) 



for the heavy-hght part 

>crvy-iight= -^^s^^f^^ {{i-2T{i-2cl))w;w-{v,LpV,La + v^;^^„) 

Hw;v£. + v+^w-)[{i - 2r(i - 24))(y+iy- + ) 

^^20^ ^ / 6c, + 6c, ^^^^^^^_^ ^ ^^^^^^^^^^ 

- 2r(l - 24))W-;W-- + (c^ - 2r(l - 2cl))ZpZ, 
^-2{cese - r— (1 - 2cV))-fpZ^ + s^7p7^ 

24-1 1-344(1 + 4)^ 

+2(^^ CO + r ""-^ -)V^LpZa 

2^ - 1 

+2(— ^ se - 'irc^s^SQ)V'iLplcj\ 
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(A.12) 



and for the heavy part 



quad 
heavy 




2 



(A.13) 



Both the trihnear and quadrihnear hght parts of the Lagrangian agree with the SM 
results, and the heavy-hght sectors do not show any couphng increasing with the heavy 
mass M. 
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Figure Captions 



Fig. 1 - Graphs contributing to the W self-energy, IIvkvk- 
Fig. 2 - Graphs contributing to the Z self-energy, Ilzz- 
Fig. 3 - Graphs contributing to the 7 self-energy, 11^^. 
Fig. 4 - Graphs contributing to the 7Z self-energy, U^z- 

Fig. 5 - The generic loop diagrams for the evaluation of the e parameters (except for the 
vector boson self-energies). 

Fig. 6 - One loop diagrams for the //-decay, necessary to evaluate the corrections to G^. 
Fig. 7 - The box diagrams relevant to the corrections to Gp- 
Fig. 8 - The vertices F^^^p relevant to the corrections to Gp- 
Fig. 9 - The vertices ^Vlsp relevant to the corrections to Gp- 

Fig. 10 - The fermion self-energy contributions to the generic vertex ^Va^f'f'^ relevant to 
the corrections to G^. 



Fig. 


11 - 


Graphs contributing to the WVl self-energy, IIvkvi,- 


Fig. 


12 - 


Graphs contributing to the Vl self-energy, Hy^y^. 


Fig. 


13 - 


One loop diagrams relevant to the corrections to 5gv, SgA- 


Fig. 


14 - 


The vertices T^^+g. relevant to the corrections to Sgy, Sqa 


Fig. 


15 - 


Graphs contributing to the ZV^l self-energy, HzVzl- 


Fig. 


16 - 


Graphs contributing to the ZVzr self-energy, Hzvzn.- 
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